The molecular mechanism responsible for salt sensitivity is poorly understood.
Salt sensitivity increases the risk of hypertension (1), and about 50% of patients with essential hypertension are salt-sensitive. For diagnosis and analysis, salt sensitivity has been functionally defined as a rise in blood pressure of at least 10 mmHg or 10% of baseline during a high salt diet (200 mEgld sodium or more) as compared with a low salt diet (10 to 20 mEgld sodium) (2, 3). Although various vasoactive factors, such as endothelium-derived relaxing factor, prostaglandins, natriuretic peptides, and the kinin-kallikrein system, have been postulated to contribute to disturbances in salt balance, the precise molecular mechanism mediating salt sensitivity remains unknown.
Endothelin-1 (ET-1) is a 21 amino acid polypeptide that is produced mainly by vascular endothelial cells (4). Three isopeptides (ET-1, 2 and 3) are encoded by a gene family comprised of separate genes at three chromosomal loci (5); the peptides share two distinct G protein-coupled receptors (ETA and ETB) with differing affinities (6, 7). The biological activities of ET-1 and its isopeptides include vasoconstriction, proliferative effects in many kinds of cells, stimulation of nitric oxide and prostacyclin release from vascular endothelial cells, regulation of hormone release, and modulation of central nervous activity (8). These effects of ET-1 have implicated it in the regulation of cardiovascular homeostasis and the pathogenesis of cardiovascular diseases such as hypertension, vasospasm, and atherosclerosis (9-11). Several studies have attempted to clarify the role of ET-1 in the control of sodium balance. As a potent vasoconstrictor, ET-1 reduces renal blood flow and the glomerular filtration rate, leading to antinatriuresis (12) (13) (14) . In contrast, ET-1 can also act directly on the nephron to inhibit sodium and water reabsorption by the collecting ducts (15) . In that regard, the inner medullary collecting ducts are the major site of renal ET-1 production (16) . ET-1 also exerts a biphasic effect on the proximal tubules; at low concentrations, ET-1 stimulates fluid absorption, while at high concentrations, fluid absorption is inhibited by ET-1 (13, 17, 18) . Thus, the involvement of ET-1 in sodium handling is likely to be complicated by opposing effects that negate each other depending upon conditions. Recently, we used gene targeting to establish a line of ET-1 deficient mice (19) . These ET-1 knockout mice have developmental abnormalities as well as blood pressures that are higher than in wild-type mice (19, 20) ; the latter suggests the involvement of ET-1 in blood pressure regulation, not simply as a pressor. Although the precise mechanism responsible for the elevated blood pressure in ET-1 knockout mice remains unknown, our recent studies indicate that it may be associated with disturbances in central cardiorespiratory regulation (21, 22) . Furthermore, it is expected that this mouse can serve as a useful model to study the pathophysiological effects of ET-1. In the present study, we used this mouse model to examine the possible role of ET-1 in salt sensitivity.
Methods

ET-1 Knockout Mice
The procedures used to establish a mouse line carrying a null mutation of the ET-1 gene (Edni) were reported previously (19) . Mice heterozygous for the Edni -mutant allele with the genetic background of ICR were mated to obtain the Edni +l+ wildtype, Ednl +l -heterozygous and Ednl -lhomozygous littermates. Genotypes were confirmed by PCR and Southern analysis of tail genomic DNA samples (19) . Because Edni -Ihomozygous mice die at birth, we used the Ednl + I + wild-type and their Edni +l-heterozygous littermates in the following study. 
Experimental Protocols
Male Ednl +1-heterozygous mice and their wildtype littermates were maintained on a diet of normal chow (0.7% NaCI) from birth until 7 wk of age. Both groups were then divided into two subgroups and were given either a high-salt diet (8% NaCI) or continued to receive normal chow for an additional 4 wk before use in the experiments. Food and water were provided ad libitum, including the days of urine collection. To determine the levels of catecholamines and their metabolites, a small amount of 6 N HCl was added to the urine of the mice, and the acidic urine was collected and analyzed.
The mice were then assigned to Experiments II or III.
Experiment II Circulating plasma volumes were determined using 125I-labeled albumin as a tracer as described previously (23) . Briefly, 125I-labeled albumin was dissolved in saline and injected into the tail vein. Three minutes later, venous blood samples were drawn from the orbital vein through a hematocrit tube, and 125I radioactivity was counted and used as an index to calculate plasma volume.
Experiment III
The right femoral arteries of the mice were catheterized with polyethylene tubing (PE1O) under pentobarbital anesthesia administered by intraperitoneal injection. On the following day, the mice were placed in a quiet environment and allowed to acclimatize for at least 30 min; acclimatization was always carried out from 13:00 to 17:00 to minimize the effect of circadian variation. After acclimatization, pulsatile blood pressure was measured in the conscious, unrestrained animals. Systolic, mean, and diastolic blood pressures were measured every 2.5 s with a peak detector (AP-611G, Nihon-Kohden, Tokyo) and recorded on tape together with heart rate, which was measured from the pulsatile blood pressure with a tachometer (AT-601G, Nihon-Kohden, Tokyo). Blood pressures and heart rates, thus determined, were fed into a computer (PC98O1RX, NEC), and the mean value of each variable over a 2-h segment composed of 2,880 sample points was calculated.
After analysis of blood pressures, blood samples were drawn for measurement of urea nitrogen, creatinine, and electrolytes to assess creatinine clearance and fractional excretion of sodium (FENa). Then, tissue samples were excised to determine ET-1 levels, using a scribed (24 
Results
Effect of Salt Loading on Tissue ET-1 Levels When maintained on a diet containing 0.7% NaCI, renal ET-1 levels of Ednl +1-mice were about 50% those of wild-type mice (Fig. 1A) . This difference is consistent with the heterozygosity of the Ednl null mutation and is similar to the differences previously reported in other organs (9). The highsalt diet containing 8% NaCI caused a significant (--5O%) decrease in renal ET-1 levels in both groups (Fig. 1A) . In contrast, the high salt diet had no significant effects on ET-1 levels measured in other organs, including lung, heart, and aorta (Fig.  1) .
Effect o f Salt Loading on Renal Function
We next examined whether a 50% decrease in renal ET-1 production would affect salt-sensitivity. Ednl +1-mice should serve as a good model for this purpose since their basal ET-1 production was decreased by about 50% as compared with wildtype mice. Figure 2 shows basal variables of renal function in Ednl +1-and wild-type mice. Urine volume, urinary sodium excretion, and FENa in both groups given the 8% NaCI diet were significantly higher than those in mice given the 0.7% NaCI diet, whereas there were no difference in circulating plasma volume or creatinine clearance. Serum electrolytes were also not changed (data not shown). These responses did not significantly differ between Ednl +1-and wild-type mice.
Effect of Salt Loading on Blood Pressure Systemic blood pressure was directly measured in unanesthetized and unrestrained Ednl +l-and wild-type mice given 0.7% or 8% NaCI diets. As reported previously (9), during the normal diet, systemic blood pressure was significantly higher in Ednl +1-mice than in wild-type mice (Fig. 3A) . However, when blood pressure was compared between mice given the normal and high-salt diets, systemic blood pressure was slightly higher in mice given the high-salt diet, but the differences were not significant (Fig. 3) . The effect of salt loading on blood pressure was not significant in either Ednl +1-or wild-type mice.
Effect o f Salt Loading on Catecholamine Metabolism
Sympathetic nerve activity is increased by salt loading, which may contribute to salt-sensitive hypertension (1). In our previous study, we showed that Ednl +1-mice are characterized by elevated blood pressure accompanied by central sympathetic overactivity (21, 22) . They also exhibit attenuated ventilatory reflexes and sympathetic responses to systemic hypoxia and hypercapnia (21, 22) . We tested the hypothesis that the sympathetic response to salt loading differed between Ednl +1-mice and wildtype mice. Urinary norepinephrine and normetanephrine excretion significantly increased in response to salt loading in both groups (Fig. 4) . However, there were no significant differences in urinary norepinephrine or normetanephrine excretion between Ednl +1-and wild-type mice given 0.7% or 8 % NaCI diets (Fig. 4) .
Discussion
In this study, we showed that salt loading resulted in a 50% decrease in renal ET-1. This effect appears to be specific for the kidney because salt loading had no effect on ET-1 levels in aorta, heart, or lung. This result is consistent with previous findings that urinary ET-1 levels, which reflect renal ET-1 production, were lower in hypertensive patients and spontaneously hypertensive rats than in their normotensive controls (25, 26) . The reduction in ET-1 may contribute to the maintenance of hypertension by decreasing autocrine inhibition of sodium and water reabsorption in the collecting ducts. Although the source and mechanism of the decrease in renal ET-1 levels were not examined in this study, the present findings lead us to speculate that the reduced renal ET-1 production elicited by salt-loading contributes to the salt-induced hypertensive state.
Comparison of the responses to salt loading between Ednl +l-mice, having 50% lower ET-1 production, and wild-type mice, revealed no differences in urine volume or sodium excretion. This suggests that sodium loading was of the same order of magnitude in Ednl +1-and wild-type mice. Similarly, when we examined changes in renal function and blood pressure in response to salt loading, we found no differences between Ednl +1-and wild-type mice. Although salt-induced increases in urinary catecholamine excretion have been found in mice as well as in other species (1), the responses did not differ between Ednl +l-and wild-type mice.
ET-1 and other ET isoforms are thought to exert isoform-specific effects on the kidney. As a potent vasoconstrictor, ET-1 can act on renal vascular beds to reduce renal blood flow and the glomerular filtration rate (12) (13) (14) . In addition, ET-1 can act on the nephron to inhibit sodium and water reabsorption by the collecting ducts, which are the major site of renal ET-1 production (15, 16) . ET-1 also has a biphasic effect on the proximal tubules and stimulates and inhibits fluid absorption at low and high concentrations, respectively (13, 17, 18) . One interpretation of the present results, which is consistent with these earlier findings, is that virtual phenotypes reflecting the role of ET-1 in each system regulating volume homeostasis and the response to salt loading may be masked by the apparently opposing activities of ET-1.
We previously showed that central sympathetic nerve activity is increased, while sympathetic responses mediated by activation of chemoreceptors are blunted in Ednl +1-mice (21, 22) . However, sympathetic nerve responses to salt loading were unaffected loading in Ednl +1-mice, as judged by urinary norepinephrine and normetanephrine levels. These results suggest that the impact on sympathetic nerve responses of a 50% reduction in ET-1 production differs depending on the stimulus.
The mechanism for the salt-induced decrease in renal ET-1 levels remains unclear. Our preliminary results of Northern analysis showed no obvious difference in ET-1 mRNA levels between salt-loaded and control mice (data not shown), suggesting that the salt-induced decrease in ET-1 levels may be due to decreased processing of precursor peptide or increased clearance of ET-1. However, a small difference in ET-1 gene expression in specific cell types may not be detected by this method because of the relatively low signals of the ET-1 message in the whole kidney and the heterogeneity of cell types that produce ET-1. Further studies are needed to clarify the cell type responsible for decreased ET-1 levels in the kidney and the mechanism thereof.
In summary, our data suggest that changes in ET-1 production within the physiological range ( -50% reduction) do not affect salt sensitivity; nevertheless, salt loading can reduce the renal production of ET-1 by approximately 50%. Recently, Ohuchi et at. reported that ETB receptor knockout mice had salt-sensitive hypertension (27) . Further studies of the role of ETA and ETB receptors are required to clarify how ET-1 participates in the biological response to salt loading.
